Abstract-This paper presents the test results of an ultrafast (less than 2 ms) medium-voltage hybrid dc circuit breaker prototype that consists of three switching devices: a 15-kV silicon carbide (SiC) emitter turn-off thyristor as the main breaker (MB), a fast acting mechanical switch, and a commutating switch (CS) to quickly divert the primary current to the MB for arcless interruption. The hybrid dc circuit breaker prototype can interrupt a circuit in less than 2 ms in dc power systems up to 10 kV, such as in electric ships. The ultrafast operations and extremely low loss can effectively limit the fault current level and switching transients in all medium-voltage systems, and can provide intelligent and fast protection function for smart power distribution and critical loads in a modernized grid. The design considerations of the three switching devices of the hybrid dc circuit breaker are presented. This paper focuses on the ultrafast mechanical switch and the testing of the hybrid dc circuit breaker, while a companion paper addresses the high-voltage solid-state main switch and the low-voltage solid-state CS.
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I. INTRODUCTION
A MEDIUM-VOLTAGE direct current power system architecture of the next generation integrated power system for electric ship propulsion and ship service power has been of particular interest for a long term [1] , [2] . One challenge for such systems is the fast acting dc circuit breakers [3] - [7] . These dc circuit breakers are also essential for other dc distribution systems envisioned in a modernized grid [6] , [8] .
In 1998, Kishida et al. [8] and Czucha et al. [9] published the hybrid circuit breaker using a combination of the semiconductor device and the mechanical switch for low-voltage applications [8] , [9] . In the 2000s, similar work has been published in [10] - [12] . In 2011, Häefner et al. presented an improved hybrid circuit breaker by introducing a low-voltage solid-state CS in series with the FMS [13] , which significantly increased the current interrupting capability of the hybrid circuit breaker.
The proposed hybrid solid-state dc circuit breaker that utilizes a low-voltage CS in series with an ultrafast mechanical disconnector provides an ultrafast and highly efficient protection solution to power systems [13] , [14] . There are four primary components for current conduction, commutation, and interruption: an ultra-FMS or disconnector, a low-voltage MOSFET switch operating as the CS, a 15-kV SiC ETO serving as the MB, and a stack of MOVs. Although this concept was originally proposed to interrupt a dc circuit, it is suitable for ac applications as well. As a matter of fact, since the interruption operation is finished as fast as in 2 ms, an ac circuit is virtually always a dc circuit as far as the hybrid circuit breaker is concerned. The hybrid circuit breaker can also limit the fault current in an ac circuit because of the subcycle operation.
This paper presents the design and test results of a 2-ms, 10-kV class hybrid dc circuit breaker prototype, which includes a single 15-kV SiC ETO device. The high-voltage capability (15 kV is considered as high voltage in power semiconductor devices) of such a device eliminates the need for the series connection of multiple devices. To reduce the number and the cost of high-voltage SiC devices, a diode rectifier bridge has been used to realize the bidirectional operation of the hybrid circuit breaker. A snubber capacitor greatly enhances the turn-OFF capability and the reliability of the breaker, thereby further reducing the number and the cost of high-voltage devices. A fast acting mechanical switch using a vacuum interrupter is able to open a 1-mm gap within 1 ms due to the fast response of the Thomson coil type electromagnetically actuated operating mechanism. A compact 80 V/200-A CS is implemented by paralleling multiple discrete silicon MOSFETs. Low-voltage silicon MOSFETs are selected because of their low conduction losses in the range of 200-A current and good avalanche capability during unclamped inductive switching. The prototype features a fanless design with a compact heat sink.
A conventional hybrid SSCB and the proposed hybrid SSCB are shown in Figs. 1 and 2 , respectively, for comparison. From the topology point of view, the proposed hybrid SSCB has four major differences compared with the conventional hybrid circuit breaker. First, an auxiliary breaker is added in series with the mechanical switch to help current commutation, which is similar to the topology proposed in [13] . Second, a capacitor parallels the main solid-state switch to enhance the turn-OFF capability. Third, a diode bridge is used to reduce the number of high-voltage active switches and to reduce cost. Furthermore, a high-voltage SiC device has been used so that no series connection of multiple devices is required.
With the improved topology, the proposed medium-voltage dc circuit breaker is compact in size, low in cost, and high in current interruption capability, considering the small semiconductor device used. This paper introduces the proposed hybrid SSCB in Section I. Section II presents the design and the testing of an ultra-FMS based on the Thomson coil actuator. Section III briefly introduces the high-voltage and low-voltage solid-state switches; additional details are included in the companion paper [15] . Section IV explains the operation principle of the hybrid circuit breaker, analyzes the operation time, and outlines the relationship between the total interruption time and the characteristics of the component ratings. Testing method and experimental results are given in Section V, while Section VI concludes this paper.
II. FAST MECHANICAL SWITCH
The mechanical switch should be as fast as possible to reduce the total interruption time of the hybrid circuit breaker. Thomson coil actuator is used in this hybrid circuit breaker as the operating mechanism due to its fast response [12] , [16] , [17] .
The four main parts of the FMS, shown in Fig. 4 , are: vacuum interrupter, operating mechanism, energy storage and control, and damping and holding mechanism. When the switch must open, the trip signal is sent to the control switch for the opening coil, and this switch turns ON, and allows the precharged capacitor bank to discharge through the opening coil. In Fig. 4 , the top coil is for the opening and the bottom one is for the closing operation. The fast rising discharge current in the coil induces current in the copper disk, located between the opening and closing coils, which results in a strong repulsive force between the coil and copper disk. As the coil is held firmly by its container on a stationary frame, the copper disk will be repulsed to move downward and open the switch. This movement is stopped by a disk spring with a hold and latch mechanism. This spring absorbs some of the mechanism kinetic energy, thus damping the movement before the stop is reached. Reference [8] has also used the disk spring, though referred as the cone spring in that paper. The difference is that the current design uses one rather than two to perform the holding and damping functions.
The closing operation is accomplished in a similar way by turning ON a second switch that controls the discharge through the closing coil. Then the copper disk moves upward to close the contacts. It should be noted that in the hybrid circuit breakers that consist of semiconductor switches as a parallel branch the requirements for the closing operation, in terms of fast actuation, are much less stringent than for opening.
A. Finite-Element Modeling and Design
This section describes the methodology used in FEM-based modeling. Equations that include electromagnetic, thermal, and structural characteristics are included in the FEM software to simulate the transients during operation. Those equations are applied to the copper coil, the copper disk, the air gap in between, the shaft, and external lumped circuit. The set of equations used in the FEM modeling is given in Table I . The 3-D view of the FEM model is shown in Fig. 5 . A set of typical simulated transients during opening operation is presented in Fig. 6 . The FEM modeling is used for the design optimization of the prototype. For the additional details of the FEM modeling of the FMS, the readers are referred to [18] .
In the FEM software, the z-component force is calculated for each element and integrated over the volume of the moving copper disk to get the total driving force. Then, after adding the payload of the vacuum interrupter, the acceleration and the displacement are calculated with the time steps of 2 μs. A moving mesh using arbitrary Lagrangian-Eulerian formulation method is defined on the moving copper disk so that the geometry especially the distance between coil and disk is updated at each time step. The same model can predict the force distribution on the copper disk, providing useful information concerning local stresses and the mechanical integrity of the conducting disk.
To help design the geometry of the actuator and select proper materials and components, the design begins with the FEM modeling and the study of the Thomson coil actuator. More details regarding the design and the development of the mechanical switch are given in [19] ; a separate treatment on the impact of the drive circuits for the Thomson coil actuator has on the operating performance can be found in [20] .
The built FMS prototype is shown in Fig. 7 . Designed with the full capability to conduct 630 A and to be able to withstand 15 kV, this prototype is of cylindrical shape with a diameter of approximately 8 in and a height of 15 in.
B. Opening Operation
One of the most important functions of the switch is to achieve a very rapid opening operation; Fig. 8 shows such an operation. With a 2-mF capacitor bank precharged to 300 V, an approximately 5-kA current pulse is injected into the driving coil, which accelerates the moving parts in the first few hundreds of microseconds. The initial parting of the contacts happens at approximately 300 μs after the trip signal is commanded. The moving mass then travels at an approximately constant speed of 1.3 m/s. The gap is 1 mm at 1 ms, which equals approximately 20-kV dielectric strength [21] . If the vacuum interrupter is able to withstand 20 kV with a 1-mm gap, then the hybrid circuit breaker can potentially limit and switch OFF fault current in a 15-kV class distribution system within 2 ms. The target was to open a gap of 2 mm within 1 ms. The tests conducted so far indicate that this should be possible by precharging the capacitors to 500 V, instead of 300 V. This conclusion is based on comparing modeling results at 300 and 500 V, and the good correlation of tests and model at 300 V shown in Fig. 9 .
C. Closing Operation
Even though closing speed is of less concern in terms of the overall protection speed, it does have some effect on the thermal transient in the high-voltage semiconductor switch, since the semiconductors need to conduct current, first, before the mechanical contacts are fully closed. The closing coil is different from the opening coil in the conductor size and the number of turns for this prototype, and the precharged voltage is different as well. In Fig. 10 , it takes 10 ms for the movable contact to reach the closed position and a few more milliseconds for bouncing.
III. HIGH-VOLTAGE AND LOW-VOLTAGE SOLID-STATE SWITCHES

A. 15-kV SiC ETO-Based Main Breaker
In the medium-voltage hybrid dc circuit breaker prototype, the 15-kV SiC ETO device is used as the high-voltage main semiconductor switch, which can meet the medium-voltage requirement by a single device without any series connection. Readers are referred to a companion paper that has presented the details of the 15-kV SiC ETO device.
B. Commutating Switch
The CS, which is based on low-voltage silicon MOSFETs, is presented in the companion paper as well.
IV. OPERATION PRINCIPLE OF THE HYBRID DC CIRCUIT BREAKER
A. Operation Sequence
In normal conduction, the FMS carries the current at a very low contact resistance, see t < t 0 in Fig. 3 . Once overcurrent is detected and a command is generated to trip the breaker at (t = t 1 ), the CS switches OFF to commutate current to the MB. Immediately after the commutation is finished (t = t 2 ), the FMS is commanded to open. Therefore, at this stage, current flows only through the high-voltage semiconductor MB path. After a certain period, when the FMS has achieved sufficient dielectric strength to handle the forthcoming TIV (t = t 3 ), the MB turns OFF the current. Then, a rapid TIV is imposed to all the three parallel branches and suppressed by the MOV to protect the FMS and MB (t = t 4 ); the line current is brought down to zero eventually by the MOV during t 4 < t < t 5 .
To make a circuit, the operation sequence is opposite to the interruption sequence: first, the MB is turned ON to conduct current; then, the FMS closes; after mechanical contacts form a good conduction path, the CS closes, and current should flow through the CS and FMS.
B. Displacement and Dielectric Strength Functions of Time
As observed in both the FEM simulation and experimental measurement, it is found that the mechanical opening of the Thomson coil-actuated mechanical switch has a certain delay t d , which is in the range of a few hundreds of microseconds, and after that, the opening speed is almost constant because the acceleration happens in the first period.
After the opening delay, the speed is assumed constant, denoted as v. The speed and the time delay are somewhat independent of each other, because the speed is also a function of the precharged voltage of the capacitor bank. Therefore, the displacement d as a function of time, t, is
Assuming that the dielectric strength in vacuum is 20 kV/mm, the dielectric strength in terms of the voltage that the switch can withstand at t can be expressed as
This value of t M is a variable for the design and the operation of the hybrid SSCB, because the MB can be turned OFF at any moment and t M can be in a certain range. With a large value of t M , the current decrease begins later, but because of the higher allowable clamped voltage, the current decrease rate can be faster. Therefore, to achieve the shortest total interruption, the selection of t M can be optimized.
C. Break Time
The break time is defined by the CIGRE Joint Working Group A3.B4.34 as the time interval from the instant the breaker receives the trip order and the instant when the current has been lowered to leakage current level (or below) [22] , which is analogous to the ac breaker standard (IEC 62271-100, 3.7.135) [23] .
To calculate the break time t, let t CS be the commutation time for the CS, t FMS be the FMS operation time before MB turns OFF, t MB be the MB interruption time, and t MOV be the time the current is brought to zero by the MOV clamp voltage, then
where t CS = t 2 − t 1 and t CS is <100 μs, and is dominated by the commutation time of the CS as the turn-OFF delay is usually <1 μs; t FMS = t 3 − t 2 and it depends on the designed clamp voltage of the MOV and how fast the MS can open to a gap to withstand this voltage; t MB = t 4 − t 3 , which is the turn-OFF time of the MB semiconductor switch and should be in microseconds; t MOV = t 5 −t 4 and it depends on the clamped voltage, the current at that moment, and the line inductance.
Since t d is a well-predicted value for a given mechanical switch design, which is about a few hundreds of microseconds, a commutation time shorter than this value can be easily achieved, and therefore, the current commutation and the trip of the mechanical switch can overlap. In this case
On the other hand, the MB turns OFF in only a few microseconds, and therefore, can be neglected. Therefore, t FMS and t MOV takes most of the interruption time, as shown in Fig. 3 t ≈ t FMS + t MOV .
As t MOV is more related to the system parameters, such as the system inductance and current, and also the designed clamp voltage, t M should be optimized and it is one of the key parameters for the design and the operation of the ultra-FMS. Let us introduce the system voltage as V S , the system inductance as L S , and the line current to be interrupted as I , and then, the total time to bring line current to zero by the counter voltage clamped by MOV can be estimated as
Here, the line current is assumed constant during the operation of the circuit breaker. Substituting (2) and (6) into (4), the total interruption time as a function of t FMS is
Given the values for the system and mechanical switch variables in Table II , the following curve of total interruption time can be obtained, as shown in Fig. 11 .
With the parameters shown in Table II , the optimal turn-OFF time of the MB semiconductor switch can be found at 3 ms to achieve the shortest total interruption time, which is 4.6 ms in this case. Please note that this optimal MB turn-OFF time is dependent on the system parameters and the characteristics of the assumed mechanical switch, therefore is not necessary the value used in testing the prototype.
V. TESTING OF THE MEDIUM-VOLTAGE HYBRID DC CIRCUIT BREAKER
A. Hybrid DC Circuit Breaker
The complete assembly of the hybrid circuit breaker has two separate subsystems connected closely together as shown in Fig. 12 . One subsystem has two electronic switches, sensors, and controllers on a fiberglass board. This board sits on porcelain insulators and the mechanical switch placed beside the board. The overall size is approximately 10 in × 30 in × 40 in.
B. Testing Circuit
Testing circuit breakers are usually very challenging because of the high power required to emulate the short circuit conditions in power systems. This paper introduces a low-cost testing method to verify the interruption capabilities of a hybrid dc circuit breaker at a medium-voltage level.
The test circuit is shown in Fig. 13 , which includes a current source, the hybrid circuit breaker as the device under test, an inductor, and a few diodes in series. The inductor is 26 mH with 0.72-equivalent series resistance, which gives a time constant of 36 ms that is long enough compared with 1-2-ms interruption. It maintains the current almost unchanged in the circuit during the interruption process and stores sufficient energy so that after the interruption, a large TIV will be applied to the hybrid circuit breaker. Because of the large inductor used, the power source does not have to provide high voltage simultaneously, and, therefore, can be of lower power rating. For example, the power source used in the test of the prototype is a dc power supply that has a maximum output current capability of 1500 A but with only 16 V output voltage. This laboratory level power supply provides sufficient current to the inductor so that tens of kilovolt TIV can be generated.
C. Test Results and Discussion
Results shown in Fig. 14 were from an inductive circuit interruption test. The operation sequence is marked in the graph together with the voltage and current transients. A 7-kV TIV was observed across the hybrid circuit breaker when interrupting 100-A inductive load current. The whole interruption process takes less than 2 ms.
In Fig. 14 , t 1 -t 5 are marked to illustrate the operation sequence in accordance with the definitions in Fig. 3 . The MB is turned OFF at 1.5 ms in the test, though this time can be set sooner. It takes about 0.3 ms for the demagnetization, and at 1.8 ms, the line current becomes zero.
These tests demonstrated the fast acting capability of the developed hybrid circuit breaker, which is essential for control and protection in dc systems. This is also beneficial to ac systems because current limiting and synchronous switching are made possible thanks to milliseconds operations.
As a prototype, the current capability is limited by both the high-voltage and low-voltage electronic switches. The terminal to ground basic impulse insulation level is 95 kV, as ensured by 15-kV porcelain insulators. On the other hand, since the hybrid circuit breaker is self-protected switchgear per IEC 60694 Standard [24] , its terminal to terminal voltage is clamped by the MOVs at 12.9 kV, if three V172BB60 are used [25] .
VI. CONCLUSION
This paper presented a fast acting medium-voltage hybrid dc circuit breaker prototype that is able to provide protection in 2 ms.
The Thomson coil-actuated operating mechanism can open a gap of 1 mm in vacuum to withstand 15-20 kV voltage in less than 1 ms, which enables the fast acting protection and current limiting of the hybrid circuit breaker and keeps the conduction losses low. The compact CS has proven to perform well both in conduction and commutation of 200 A without extra cooling requirements.
Medium-voltage tests of the complete hybrid circuit breaker demonstrated the operation sequence during the current interruption and the high power interruption capability up to 7-kV TIV level although the designed prototype could support a TIV of 12 kV or higher. The time to interrupt the inductive circuit at 100 A is <2 ms. The fast acting and dc switching capabilities make such hybrid circuit breakers ideal for synchronous switching in order to control switching transients in transmission and distribution systems, and other special power switching conditions, such as generator fault switching and current limiting.
